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Abstract 

Nickel(II)  acetate,  complexed  in  poly(vinyl  alcohol)  (Ni/PVA)  has  been  reacted  with 
tetraethlyammonium  tetrathiooxalate  (TEATTO)  to  form  a  semiconductive  composite 
(NiTTO/PVA).  The  resulting  materials  are  air  stable  and  mechanically  durable  with 
conductivities  up  to  Kb3  ft-1  cm1.  Examination  of  the  surfaces  by  X-ray  photoelectron 
spectroscopy  (XPS)  prior  to  treatment  with  TEATTO  indicates  the  Ni/PVA  surface  to 
contain  Ni(II)  in  an  octahedral  coordination.  After  reaction  with  TEATTO  to  form 
NiTTO/PVA  the  Ni(II)  is  observed  to  be  in  a  square  planar  coordination.  The  chemistry 
and  composition  of  the  Ni/PVA  precursors,  their  TEATTO  reaction  products  and  model 
compounds,  as  characterized  by  XPS  and  static  secondary  ion  mass  spectrometry 
(SSIMS),  are  compared  and  contrasted. 

Introduction 

Electrically  conductive  polymers  are  presently  used,  and  have  been  considered  for 
use,  in  applications  that  include  battery  electrodes,  EMI  shielding  and  static  discharge.  A 
significant  amount  of  work  has  been  directed  to  the  preparation  of  conducting  organic 
polymers  with  carriers  introduced  onto  extended  conjugated  polymer  chains  via  redox 
doping.1  A  second  method  used  to  prepare  conducting  polymers  has  involved  the 
complexation  of  transition  metal  ions  by  conjugated  bridging  ligands.  This  is 
exemplified  by  the  synthesis  of  poly(metal  tetrathiooxalates),2-4  poly(metal 
ethylenetetrathiolates),5'7  poly(metal  tetrathiosquarates),8  poly(metal 
tetratJhiafulvalenetetrathiolates),9'10  poly(metal  tetrathianaphthalenes)11  and  poly(metal 
benzenetetrathiolates).12  In  general,  these  polymers  are  insoluble  and  infusible  and, 
while  displaying  useful  electronic  conductivity  and  ambient  stability,  they  are  not 
processable  to  form  a  mechanically  durable  material. 


Recently,  we  have  extended  a  method  of  preparing  metal  complex  polymers  within  polar 
matrix  polymers13  to  form  semiconductive  composites  which  retain  the  mechanical 
properties  of  the  host  polymer.14-13  In  addition  to  their  charge-transport  characteristics, 
these  composites  can  be  stretch  oriented  to  yield  optically  polarizing  films.  The  synthetic 
method  employed  involves  first  forming  a  homogeneous  complex  of  the  matrix  polymer 
[poly(vinyl  alcohol)  (PVA)]  and  the  metal  ion  [Ni(II)]  as  a  free-standing  film  (Ni/PVA). 
Subsequent  diffusion  of  reactive  tetrathiocxalate  ligand  into  this  membrane  leads  to 
poly  (nickel  tetrathiooxalate)  chains  forming  within  the  PVA  matrix  as  a  composite 
(NiTTO/PVA)  as  outlined  in  scheme  I.  The  reaction  of  the  TEATTO  with  Ni(II)  begins 
at  the  membrane/solution  interface  and  proceeds  as  the  ligand  penetrates  into  the  bulk  of 
the  film.  Since  this  reaction  occurs  initially  on  the  film  surface,  coupled  with  the  fact 
that  many  applications  are  surface  sensitive,  we  have  undertaken  an  analysis  of  the 
surface  structure  of  the  NiTTO/PVA  using  X-ray  photoelectron  spectroscopy  (XPS)  and 
static  secondary  ion  mass  spectrometry  (SSIMS)  and  report  our  results  here.  These 
results  are  compared  to  Ni/PVA.  prior  to  complexation,  polymerization  ano  model 
compounds. 

Experimental 

Ni/PVA  and  NiTTO/PVA  films  of  100  pm  thickness  were  prepared  as  reported 
previously.14-15  For  this  study,  films  having  an  initial  Ni/PVA  repeat  unit  ratio  of  1/1 1 
were  employed.  As  the  complexation  reaction  is  heterogeneous  and  partially  confined  to 
the  membrane  surface,  determination  of  Ni/TTO  ratios  was  not  possible.  Where  noted, 
samples  were  polished  with  tissue  paper  to  remove  powdery  deposits  of  NiTTO. 
Ni(dmit)2 ,  structure  1,  [dmit  =  Bis(l,3-dithiole-2-thione-4,5-dithiolato)]  was  prepared  as 
described  previously16'1®  as  a  representative  square-planar  complex  containing  the  NiS< 
center. 

The  analysis  of  the  surface  of  organic  materials  may  be  accomplished  by  several 
methods,  which  includes  XPS,  a^o  known  as  Electron  Spectroscopy  for  Chemical 
Analysis  (ESCA)  and  SSIMS.  XPS  and  SSIMS  are  complementary  techniques  which 
provide  both  short  range  chemical  bonding  information  (XPS),  and  long  range  chemical 
structural  information  (SSiMOj  wmen  is  important  in  the  analysis  of  organic  materials. 
Each  of  these  surface  sensitive  analytical  techniques  reveal  unique  information  which, 
together,  provide  a  complete  picture  of  the  surface.  XPS  and  SSIMS  data  were  acquired 
for  Ni(II)/PVA,  tetraethylammonium  tetrathiooxalate  (TEATTO)  and  the  NiTTO/PVA 


composites.  The  XPS  data  were  acquired  witn  a  Perkin -Elmer  model  5400  ESCA 
system  using  monochromatic  A1  radiation.  The  data  were  acquired  from  an  800um 
diameter  area  and  referenced  to  the  carbon  Is  at  284.8  eV.  The  SSIMS  data  were 
acquired  with  a  Perkin-Elmer  model  3700  SIMS  unit  using  Xe+  ions.  The  sampling 
depth  of  the  XPS  experiments  is  about  70A  while  the  sampling  depth  of  the  SSIMS 
experiments  is  less  than  5A. 

Discussion 

In  order  to  determine  the  surface  structure  of  the  NiTTO/PVA  composites,  the 
Ni(TI)/PVA  and  TEATTO  reactants  were  first  analyzed.  A  solution  cast  Ni(IIj/PVA 
film  is  light  green  and  transparent  due  to  the  complexation  of  the  Ni(II)  by  the  polymer. 
The  C  Is  spectrum  of  this  film.  Figure  1,  shows  the  hydrocarbon  peak  at  284.8  eY 
(figure  la)  and  some  reduction  in  the  expected  intensity  of  the  COH  peak  (figure  lb) 
when  it  has  solubilized  the  Ni  (II).19  however  this  spectrum  is  not  characteristic  of  the 
pure  100%  hydrolyzed  PVA  as  noted  by  the  presence  of  the  0=C-0  functional  group  at 
about  289  eV  (figure  lc).  This  is  expected  since  the  polymer  bound  PVA-OH  functional 
groups  do  not  displace  the  charge  balancing  acetate  anions,  but  only  to  serve  to 
coordinate  with  the  nickel  ion.  The  positive  SSIMS  is  characteristic  of  a  hydrocarbon 
polymer  with  the  main  peak  being  the  PVA  monomer,  CjF^O*,  less  a  hydrogen  at  43 

dalton. 

The  tetraethylammonium  tetrathiooxalate  ligand  has  a  S  2p  spectrum  which  is  typical  for 
this  class  of  organic  ligand,20-21  Figure  2,  where  the  spin-orbit  splitting  of  the  S  2p  is 
clearly  observed  in  peak  a.  One  chemical  environment  is  observed  for  the  four 
equivalent  sulfur  atoms  in  the  dianion  at  a  binding  energy  of  about  163  eV  which  is 

consistent  with  organic  carbon  -  sulfur  bonds.  Some  oxidation  of  the  surface  of  the 
crystalline  material  is  also  observed  (peal:  b)  as  sulfate  at  a  binding  energy  of  about  168.5 
eV.  The  positive  SSIMS  analysis  shows  a  characteristic  peak  at  130  dalton  of  the 
tetraethylammonium  counter  ion,  while  the  negative  SSIMS  analysis  shows 
fragmentation  of  CjS^'  with  S',  and  C^'  fragments  at  32,  88,  and  120  dalton 

respectively. 

The  reaction  of  the  Ni(II)/PVA  with  C^S*2'  is  expected  to  lead  to  the  formation  of  square 
planar  NiS<  centers  with  the  C^S*2'  acting  as  bridging  ligands  between  metal  ions  along  a 
chain.  The  XPS  data  of  a  model  compound,  Ni(dmit)2,  which  has  a  square  planar 


structure  are  shown  in  Figures  3a  and  3b.  The  Ni  2p  spectrum  in  Figure  3a  is 
characteristic  of  Ni(II)  in  a  square  planar  coordination  as  noted  by  the  lack  of  shake-up 
satellite  structure22  which  would  appear  on  the  high  binding  energy  side  of  the  Ni  2p 
peaks.  The  S  2p  spectrum  in  Figure  3b  shows  two  distinct  sulfur  environments  of  C-S 
bonds  and  nickel-S  bonds.  A  small  amount  of  sulfate  is  also  observed  at  abo'.”  168.5  eV. 

The  reaction  of  the  Ni(II)/PVA  membrane  with  a  methanolic  solution  of  the  C2S42-  ligand 
produces  a  square  planar  nickel  (II)  complex  on  the  surface  which  is  conductive.  It 
should  be  nuted  that  the  complex  is  incorporated  into  the  PVA,  and  is  not  just  a  surface 
coating,  as  the  material  retains  its  conductivity  after  surface  polishing  to  remove  any 
powdery  NiTTO  not  bound  in  the  PVA  matrix.  This  nickel  complex  is  confirmed  by  the 
XFS  data  for  the  Ni(II),  Figure  4a,  which  shows  the  surface  to  contain  both  octahedral 
and  square  planar  coordination  nickel  (II).  Figure  4b  illustrates  the  octahedrally 
coordinated  Ni(II)  of  the  Ni(II)/PVA  reactant  surface.  The  octahedral  coordination  is 
noted  by  the  intense  shake-up  satellites  which  are  5  eV  higher  than  the  Ni  2p  lines. 

Figure  4c  shows  the  Ni  2p  of  the  square  planar  Ni(dmit)2  where  the  shake-up  satellites 

are  not  observed.  Most  of  the  nickel  in  the  composite  matrix  is  observed  to  be  in  a 
square  planar  coordination,  indicating  significant  formation  of  the  NiTTO  complex, 
although  not  all  of  the  nickel  has  reacted,  as  suggested  by  the  small  amount  of 
octahedrally  coordinated  Ni(II)  still  observed  in  the  sample  surface.  These  results  are  in 
agreement  with  large  angle  x-ray  scattering  results  of  NiTTO  which  originally  suggested 
square  planar  coordination  for  these  complex  polymers.4  This  is  the  first  such 
measurement  on  these  composites  and  indicates  that  the  C^S*2  is  effectively  removing 

the  Ni(II)  from  the  PVA  chains.  Though  the  NiTTO  is  forming  within  the  PVA  matrix, 
under  the  conditions  used  here  of  30  minutes  reaction  with  ligand  at  room  temperature, 
complexation  does  not  occur  throughout  the  film  bulk.  This  heterogeneity  due  to 
incomplete  reaction  may  explain  the  octahedrally  coordinated  nickel  still  detected  in  the 
NiTTO/PVA  composite.  This  will  be  detailed  in  further  work. 

The  S  2p  data.  Figure  5,  reveals  sulfur  in  two  chemical  environments  instead  of  the 
single  Ni-S-C  environment  which  would  be  expected  from  an  infinite  chain  of  NiTTO. 
The  binding  energies  of  the  C-S  and  Ni-S  environments  observed  in  the  composite  are 
Co.'.olsicnt  with  the  Ni(dmit)2  data.  The  fact  that  two  S  2p  chemical  environments  are 
observed  in  these  composites  suggests  that  the  NiTTO  chains  are  quite  short  and  are 
terminated  by  the  C^2'  ligands.  Thus  the  second  C-S  sulfur  environment  represents  end 

groups.  The  C  Is  data  are  also  characteristic  of  PVA. 


The  SSIMS  data  analysis  of  the  surface  after  reaction  shows  the  tetraethylammonium 
counterion  for  the  complex  to  be  present  on  the  surface  as  evidenced  by  the  appearance 
of  the  130  dalton  peak  in  the  positive  SSIMS  analysis.  This  is  expected  with  the  charged 
CjS4  end  groups.  Though  residual  tetraethylammonium  acetate  on  the  film  surface 

would  give  similar  results,  the  samples  were  soaked  and  thoroughly  rinsed  prior  to 
analysis  and,  thus  this  is  not  expected.  However,  the  negative  SSIMS  analysis  does  not 
show  the  fragmentation  pattern  of  the  tetrathiooxalate  as  the  88  and  120  dalton  peaks  are 
missing  although  S'  at  32  dalton  is  observed. 

Conclusions 

The  Ni/PVA  films  prior  to  complexation  with  tetrathiooxalate  exhibit  no  change  in 
electrical  properties  with  conductivities  <10’7  -  10'8  Q1  cnr1.  The  XPS  data  also  suggest 
that  the  nickel  is  complexed  within  the  PVA  matrix  as  observed  in  the  change  of  the  C- 
OH  intensity.  After  reaction  with  the  TEATTO  electrical  conductivity  is  elevated  to  10  3 
O"1  cm1.  The  reaction  with  the  TEATTO  occurs  at  the  surface.  The  XPS  data  clearly 
show  the  formation  of  a  square  planar  nickel  (II)  complex  as  NiTTO  chains  form  within 
the  PVA  matrix  as  a  composite. 
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Figures 

Figure  1.  XPS  spectrum  of  the  C  Is  of  Ni(H)/PVA  film. 

Figure  2.  XPS  spectrum  of  the  S  2p  of  tetraethylammonium  tetrathiooxalate. 

Figure  3  a)  XPS  spectrum  of  the  Ni  2p  of  Ni(dmit)2.  b)  XPS  spectrum  of  the  S  2p  of 
Ni(dmit)2. 

Figure  4.  a)  XPS  spectrum  of  the  Ni  2p  of  the  NiTTO  in  the  composite  matrix,  b)  XPS 
spectrum  of  the  octahedrally  coordinated  Ni(II)  of  the  Ni(II)/PVA  surface,  c)  XPS 
spectrum  of  the  Ni  2p  of  square  planar  Ni(dmit)2. 

Figure  5.  XPS  spectrum  of  the  S  2p  of  the  NiTTO  in  the  composite  matrix 
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